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W̃ = 5.09 ∼ (kW·hr) 

(f) Rounding. Round emission values 
only after all calculations are complete 
and the result is in g/(kW·hr) or units 
equivalent to the units of the standard, 
such as g/(hp·hr). See the definition of 
‘‘Round’’ in § 1065.1001. 

§ 1065.655 Chemical balances of fuel, 
intake air, and exhaust. 

(a) General. Chemical balances of 
fuel, intake air, and exhaust may be 
used to calculate flows, the amount of 
water in their flows, and the wet con-
centration of constituents in their 
flows. With one flow rate of either fuel, 
intake air, or exhaust, you may use 
chemical balances to determine the 
flows of the other two. For example, 
you may use chemical balances along 
with either intake air or fuel flow to 
determine raw exhaust flow. 

(b) Procedures that require chemical 
balances. We require chemical balances 
when you determine the following: 

(1) A value proportional to total 
work, W̃, when you choose to deter-
mine brake-specific emissions as de-
scribed in § 1065.650(e). 

(2) The amount of water in a raw or 
diluted exhaust flow, xH2O, when you do 
not measure the amount of water to 
correct for the amount of water re-
moved by a sampling system. Correct 
for removed water according to 
§ 1065.659(c)(2). 

(3) The flow-weighted mean fraction 
of dilution air in diluted exhaust x̄dil, 
when you do not measure dilution air 
flow to correct for background emis-
sions as described in§ 1065.667(c). Note 
that if you use chemical balances for 
this purpose, you are assuming that 
your exhaust is stoichiometric, even if 
it is not. 

(c) Chemical balance procedure. The 
calculations for a chemical balance in-
volve a system of equations that re-
quire iteration. We recommend using a 
computer to solve this system of equa-
tions. You must guess the initial val-
ues of up to three quantities: the 
amount of water in the measured flow, 
xH2O, fraction of dilution air in diluted 
exhaust, xdil, and the amount of prod-
ucts on a C1 basis per dry mole of dry 
measured flow, xCproddry. For each emis-
sion concentration, x, and amount of 
water xH2O, you must determine their 

completely dry concentrations. xdry and 
xH2Odry. You must also use your fuel’s 
atomic hydrogen-to-carbon ratio, α, 
and oxygen-to-carbon ratio, β. For your 
fuel, you may measure α and β or you 
may use the default values in Table 1 
of § 1065.650. Use the following steps to 
complete a chemical balance: 

(1) Convert your measured concentra-
tions such as, xCO2meas, xNOmeas, and 
xH2Oint, to dry concentrations by divid-
ing them by one minus the amount of 
water present during their respective 
measurements; for example: xH2OxCO2, 
xH2OxNO, and xH2Oint. If the amount of 
water present during a ‘‘wet’’ measure-
ment is the same as the unknown 
amount of water in the exhaust flow, 
xH2O, iteratively solve for that value in 
the system of equations. If you meas-
ure only total NOX and not NO and NO2 
separately, use good engineering judge-
ment to estimate a split in your total 
NOX concentration between NO and 
NO2 for the chemical balances. For ex-
ample, if you measure emissions from a 
stoichiometric spark-ignition engine, 
you may assume all NOX is NO. For a 
compression-ignition engine, you may 
assume that your molar concentration 
of NOX, xNOX, is 75% NO and 25% NO2 
For NO2 storage aftertreatment sys-
tems, you may assume xNOX is 25% NO 
and 75% NO2. Note that for calculating 
the mass of NOX emissions, you must 
use the molar mass of NO2 for the effec-
tive molar mass of all NOX species, re-
gardless of the actual NO2 fraction of 
NOX. 

(2) Enter the equations in paragraph 
(c)(4) of this section into a computer 
program to iteratively solve for xH2O 
and xCproddry. If you measure raw ex-
haust flow, set xdil equal to zero. If you 
measure diluted exhaust flow, 
iteratively solve for xdil. Use good engi-
neering judgment to guess initial val-
ues for xH2O, xCproddry, and xdil. We rec-
ommend guessing an initial amount of 
water that is about twice the amount 
of water in your intake or dilution air. 
We recommend guessing an initial 
value of xCproddry as the sum of your 
measured CO2, CO, and THC values. If 
you measure diluted exhaust, we also 
recommend guessing an initial xdil be-
tween 0.75 and 0.95, such as 0.8. Iterate 
values in the system of equations until 
the most recently updated guesses are 
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all within ±1% of their respective most 
recently calculated values. 

(3) Use the following symbols and 
subscripts in the equations for this 
paragraph (c): 

xH2O = Amount of water in measured flow. 
xH2Odry = Amount of water per dry mole of 

measured flow. 
xCproddry = Amount of carbon products on a C1 

basis per dry mole of measured flow. 
xdil = Fraction of dilution air in measured 

flow, assuming stoichiometric exhaust; or 
xdil = excess air for raw exhaust. 

xprod/intdry = Amount of dry stoichiometric 
products per dry mole of intake air. 

xO2proddry = Amount of oxygen products on an 
O2 basis per dry mole of measured flow. 

x[emission]dry= Amount of emission per dry mole 
of measured flow. 

x[emission]meas= Amount of emission in meas-
ured flow. 

xH2O[emission]meas= Amount of water at emis-
sion-detection location. Measure or esti-
mate these values according to 
§ 1065.145(d)(2). 

xH2Oint = Amount of water in the intake air, 
based on a humidity measurement of in-
take air. 

xH2Odil = Amount of water in dilution air, 
based on a humidity measurement of in-
take air. 

xO2airdry = Amount of oxygen per dry mole of 
air. Use xO2airdry= 0.209445 mol/mol. 

xCO2airdry = Amount of carbon dioxide per dry 
mole of air. Use xCO2airdry = 375 µmol/mol. 

α = Atomic hydrogen-to-carbon ratio in fuel. 
β = Atomic oxygen-to-carbon ratio in fuel. 

(4) Use the following equations to 
iteratively solve for xH2O and xCproddry: 

x
x

xH2O
H2Odry

H2Odry+
Eq.  1065.655-1=

1

x x x
x

x
x xH2Odry Cproddry dil

H2Ointdry

prod/ intdry
dil H2Odildry Eq.  1065.655-2= ⋅ + −( ) ⋅ + ⋅α

2
1

x x x xCproddry CO2dry COdry THCdry Eq.  1065.655-3= + +

x
x x

x
xdil

O2proddry prod/intdry

O2airdry
H2Ointdry Eq.  1065.655-4= −

⋅
⋅ +( )1 1

x

x
x x x

prod/intdry

dil
COdry Cproddry NO2dry

Eq.  1065.655-5=
−

−
⋅ ⋅ − ⋅ −
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1
1

1
1
2 2

α

x x x x x x xO2proddry CO2dry COdry Cproddry NOdry NO2dry Cproddry Eq.  1065.655-6= + ⋅ + ⋅ +



 + − ⋅1

2 2

α β

x
x

x

x

x x x
CO2dry

CO2meas

H2OCO2meas

CO2airdry

COdry Cproddry NO2dry

Eq.  1065.655-7=
−

−
− ⋅ − ⋅ −





1 1
1
2 2

α

x
x

xCOdry
COmeas

H2OxCOmeas

Eq.  1065.655-8=
−1

x
x

xTHCdry
THCmeas

H2OxTHCmeas

Eq.  1065.655-9=
−1

x
x

xH2Ointdry
H2Oint

H2Oint

Eq.  1065.655-10=
−1

x
x

xH2Odildry
H2Odil

H2Odil

Eq.  1065.655-11=
−1
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x
x

xNO2dry
NO2meas

H2OxNO2meas

Eq.  1065.655-12=
−1

x
x

xNOdry
NOmeas

H2OxNOmeas

Eq.  1065.655-13=
−1

(5) The following example is a solu-
tion for xH2O and xCproddryusing the equa-
tions in paragraph (c)(4) of this section: 

xH O2
35 24
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 mol/mol

 mol/mol

xCO2dry 88 601
1000

375
1000

1
1
2

29 3
1000000

18
2

24 69
1000

121
1000000

24 614. . . . .
.−

− ⋅ − ⋅ −





=  mmol/mol

VerDate Aug<31>2005 09:18 Sep 11, 2007 Jkt 211172 PO 00000 Frm 00789 Fmt 8010 Sfmt 8006 Y:\SGML\211172.XXX 211172 E
R

13
JY

05
.1

24
<

/M
A

T
H

>
E

R
13

JY
05

.1
25

<
/M

A
T

H
>

E
R

13
JY

05
.1

26
<

/M
A

T
H

>
E

R
13

JY
05

.1
27

<
/M

A
T

H
>

E
R

13
JY

05
.1

28
<

/M
A

T
H

>
E

R
13

JY
05

.1
29

<
/M

A
T

H
>

eb
en

th
al

l o
n 

P
R

O
D

P
C

61
 w

ith
 C

F
R



780 

40 CFR Ch. I (7–1–07 Edition) § 1065.655 

TABLE 1 OF § 1065.655—DEFAULT VALUES OF ATOMIC HYDROGEN-TO-CARBON RATIO, α, ATOMIC 
OXYGEN-TO-CARBON RATIO, β AND CARBON MASS FRACTION OF FUEL, WC, FOR VARIOUS FUELS 

Fuel 
Atomic hydrogen and oxygen-to-car-

bon ratios 
CHa Ob 

Carbon mass con-
centration, 

WCg/g 

Gasoline .............................................................................................. CH1.85O0 0.866 
#2 Diesel ............................................................................................. CH1.80O0 0.869 
#1 Diesel ............................................................................................. CH1.93O0 0.861 
Liquified Petroleum Gas ...................................................................... CH2.64O0 0.819 
Natural gas .......................................................................................... CH3.78O0.016 0.747 
Ethanol ................................................................................................ CH3O0.5 0.521 
Methanol .............................................................................................. CH4O1 0.375 

(d) Calculated raw exhaust molar flow 
rate from measured intake air molar flow 
rate or fuel mass flow rate. You may cal-
culate the raw exhaust molar flow rate 
from which you sampled emissions, 
ṅexh, based on the measured intake air 
molar flow rate, ṅint, or the measured 
fuel mass flow rate, ṁfuel, and the val-
ues calculated using the chemical bal-
ance in paragraph (c) of this section. 
Solve for the chemical balance in para-
graph (c) of this section at the same 
frequency that you update and record 
ṅint or ṁfuel. 

(1) Crankcase flow rate. You may cal-
culate raw exhaust flow based on ṅint or 
ṁfuel only if at least one of the fol-
lowing is true about your crankcase 
emission flow rate: 

(i) Your test engine has a production 
emission-control system with a closed 

crankcase that routes crankcase flow 
back to the intake air, downstream of 
your intake air flow meter. 

(ii) During emission testing you 
route open crankcase flow to the ex-
haust according to § 1065.130(g). 

(iii) You measure open crankcase 
emissions and flow, and you add the 
masses of crankcase emissions to your 
brake-specific emission calculations. 

(iv) Using emission data or an engi-
neering analysis, you can show that ne-
glecting the flow rate of open crank-
case emissions does not adversely af-
fect your ability to demonstrate com-
pliance with the applicable standards. 

(2) Intake air molar flow rate calcula-
tion. Based on ṅint, calculate ṅexh as fol-
lows: 

Where: 

ṅexh= raw exhaust molar flow rate from 
which you measured emissions. 

ṅint =intake air molar flow rate including hu-
midity in intake air. 

Example: 

ṅint= 3.780 mol/s 
xH20int = 16.930 mmol/mol = 0.016930 mol/mol 
xprod/intdry = 0.93382 mol/mol 
xH20dry = 130.16 mmol/mol = 0.13016 mol/mol 
xdil = 0.20278 mol/mol 
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ṅexh = 4.919 mol/s (3) Fuel mass flow rate calculation. 
Based on ṁfuel, calculate ṅexh as follows: 

˙
˙

. .

n
m w

M x
x

x

x
Eq

exh
fuel c

c Cproddry
H Odry

dil

dil

=
⋅

⋅
⋅ +( ) ⋅

+
−









 −

1

1
1

1065 655 15

2

Where: 

ṅexh= raw exhaust molar flow rate from 
which you measured emissions. 

ṁfuel= intake air molar flow rate including 
humidity in intake air. 

Example: 

ṁfuel= 6.023 g/s 
wC = 0.869 g/g 
MC = 12.0107 g/mol 
xCproddry= 125.58 mmol/mol = 0.12558 mol/mol 
xH20dry = 130.16 mmol/mol = 0.13016 mol/mol 
xdil = 0.20278 mol/mol 

˙ . .

. .
.

.

.

nexh = ⋅
⋅

⋅ +( ) ⋅

+
−







6 0233 0 869

12 0107 012558
1 013016

1
0 20278

1 0 20278
ṅexh = 4.919 mol/s 

§ 1065.659 Removed water correction. 

(a) If you remove water upstream of 
a concentration measurement, x, or up-
stream of a flow measurement, n, cor-
rect for the removed water. Perform 
this correction based on the amount of 
water at the concentration measure-
ment, xH2O[emission]meas, and at the flow 
meter, xH2O, whose flow is used to de-
termine the concentration’s total mass 
over a test interval. 

(b) Downstream of where you re-
moved water, you may determine the 
amount of water remaining by any of 
the following: 

(1) Measure the dewpoint and abso-
lute pressure downstream of the water 
removal location and calculate the 
amount of water remaining as de-
scribed in § 1065.645. 

(2) When saturated water vapor con-
ditions exist at a given location, you 
may use the measured temperature at 
that location as the dewpoint for the 
downstream flow. If we ask, you must 
demonstrate how you know that satu-
rated water vapor conditions exist. Use 
good engineering judgment to measure 
the temperature at the appropriate lo-
cation to accurately reflect the dew-
point of the flow. 

(3) You may also use a nominal value 
of absolute pressure based on an alarm 
setpoint, a pressure regulator setpoint, 
or good engineering judgment. 

(c) For a corresponding concentra-
tion or flow measurement where you 
did not remove water, you may deter-
mine the amount of initial water by 
any of the following: 

(1) Use any of the techniques de-
scribed in paragraph (b) of this section. 

(2) If the measurement comes from 
raw exhaust, you may determine the 
amount of water based on intake-air 
humidity, plus a chemical balance of 
fuel, intake air and exhaust as de-
scribed in § 1065.655. 

(3) If the measurement comes from 
diluted exhaust, you may determine 
the amount of water based on intake- 
air humidity, dilution air humidity, 
and a chemical balance of fuel, intake 
air, and exhaust as described in 
§ 1065.655. 

(d) Perform a removed water correc-
tion to the concentration measurement 
using the following equation: 
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